Two hundred seventeen male subjects from Costa Rica, Mexico, and the Hispanic population of the southwestern United States were studied. Twelve Y-chromosome STRs and the HVSI sequence of the mtDNA were analyzed to describe their genetic structure and to compare maternal and paternal lineages. All subjects are part of two NIMH-funded studies to localize schizophrenia susceptibility genes in Hispanic populations of Mexican and Central American ancestry. We showed that these three populations are similar in their internal genetic characteristics, as revealed by analyses of mtDNA and Y-chromosome STR diversity. These populations are related through their maternal lineage in a stronger way than through their paternal lineage, because a higher number of shared haplotypes and polymorphisms are seen in the mtDNA (compared to Y-chromosome STRs). These results provide evidence of previous contact between the three populations and shared histories. An analysis of molecular variance revealed no genetic differentiation for the mtDNA for the three populations, but differentiation was detected in the Y-chromosome STRs. Genetic distance analysis showed that the three populations are closely related, probably as a result of migration between close neighbors, as indicated by shared haplotypes and their demographic histories. This relationship could be an important common feature for genetic studies in Latin American and Hispanic populations.
To analyze the hierarchical genetic structure of the three populations, we performed an analysis of molecular variance (AMOVA) among and within populations. The AMOVA compares gene frequencies among populations and differences (mutations) between alleles (Excoffier 2001) . For the Y-chromosome microsatellite data R ST was estimated, and for mtDNA F ST was calculated. Also, we estimated genetic distances for the three populations according to the method of Tamura and Nei (1993) for mtDNA and according to the method of Nei (1972) for Y-chromosome STRs. These methods analyze the average genetic differences between local, regional, and continental populations by computing distances between pairs of populations and then analyzing them to determine how past evolutionary events could explain the patterns of genetic distance observed in presentday populations (Relethford 2001) .
All mtDNA analyses were performed using a gamma A value (heterogeneity of mutation rates) of 0.26 and a transition-transversion ratio of 15. The statistical packages Arlequin, version 2.000 (Schneider et al. 2000) , and Arlequin, version 1.1 (Schneider et al. 1997) , were used for all calculations.
Results
Y-Chromosome STR Variability. Table 1 shows the gene diversities for all 12 Y-chromosome STRs in Costa Rica, the southwestern United States, and Mexico. For 9 of the 12 markers Costa Rica shows a slightly higher variability inside the population. When allele frequencies were compared between these populations, all three populations shared the most common allele for 9 of the 12 markers (DYS385I*11, DYS385II*14, DYS389I*13, DYS390*24, DYS393*13, DYS437*14, DYS438*12, DYS439*12 , and DYS19*14; data not shown).
On average, gene diversities were 0.675, 0.614, and 0.608 for Costa Rica, the U.S. Southwest, and Mexico, respectively ( Table 2 ). The most informative marker, based on gene diversity, for all three populations was DYS385I/II, and the least informative marker was DYS393.
For the 12 Y-chromosome STRs, 103 haplotypes were obtained with a diversity of 99.7% for Costa Rica, 40 haplotypes with a diversity of 99.8% for the U.S. Southwest, and 51 haplotypes with a diversity of 99.5% for Mexico (see Table 2 ). Although the populations showed high diversities, some shared haplotypes were found within populations. Fourteen haplotypes were shared inside Costa Rica, eleven by two individuals and three by three individuals. Two haplotypes were shared by two individuals in the U.S. Southwest, and in Mexico one haplotype was shared by four individuals and a second haplotype was shared by two individuals (data not shown).
HVSI Variability. The analysis of the mtDNA (np 16047 to 16365) in the three populations showed 52, 39, and 56 polymorphic sites in Costa Rica, the U.S. Southwest, and Mexico, respectively (Table 3) . Transitions were more common (48 in Costa Rica, 36 in the U.S. Southwest, and 53 in Mexico) than transversions (4 in Costa Rica and Mexico, 3 in the U.S. Southwest). Eighty-eight polymorphisms were present in the three populations together.
There were 18 polymorphisms shared among the three populations, and 4 more were shared between Costa Rica and the U.S. Southwest, 12 between Costa Rica and Mexico, and 7 between the U.S. Southwest and Mexico. There were also length variation polymorphisms at nucleotide positions 16188.1C, 16192.1C, and 16193.1C that were not introduced in the sequence analysis (Cordaux et al. 2003; Salas et al. 2004) . Nucleotide diversity reveals heterozygosity at the nucleotide level and was approximately 0.02 for all three populations, showing another similarity between them (see Table 3 ). In the Costa Rica sample 39 mtDNA haplotypes were found, with a haplotype diversity of 93%, and 17 of the haplotypes were shared. The presence of 6 haplotypes shared by 20, 19, 11, 7, and 6 individuals is interesting. This suggests homogeneity within the sample. In the U.S. Southwest sample four haplotypes were shared (two shared by four individuals, one shared by three individuals, and one shared by two individuals) and in the Mexico sample one haplotype was shared by four individuals, two haplotypes were shared by three individuals, and five haplotypes were shared by two individuals (see Table 3 ).
Shared Haplotypes Between Populations. We found that Mexico and the U.S. Southwest share Y-chromosome STR haplotypes, one of which is the most represented in Mexico (7.3%). Just one haplotype was shared between Costa Rica and the U.S. Southwest. None of the haplotypes were shared between Mexico and Costa Rica or between all three populations (Table 4) for the Y-chromosome STRs.
In contrast to the Y-chromosome STR data, two mtDNA haplotypes were shared by all three populations (Table 5 ). There were also additional haplotypes that were shared only between subjects from Costa Rica and Mexico and only between subjects from the U.S. Southwest and Mexico.
AMOVA. The analysis of the populations by AMOVA for the Y-chromosome STR data reveals that 96% of the differences are the result of variations within populations (R ST ‫ס‬ 0.04, P Ͻ 0.001). This is also significant when the variation is separated per locus (Table 6 ). For DYS392 (R ST ‫ס‬ 0.051, P Ͻ 0.001) the difference between populations is only 5.149%, and for DYS439 97.8% of the variation is within populations with a probability of 0.038 (data not shown).
When the sample is subdivided into the six regions from Costa Rica, the U.S. Southwest, and Mexico, similar results are obtained (96.25% of the variation 14, 14, 30, 24, 11, 13, 13, 15, 12, 11, 14 HY106 1 (0.024) 1 (0.018) 11/14, 13, 29, 25, 11, 13, 13, 14, 12, 12, 14 HY119 1 (0.024) 1 (0.018) 13/14, 14, 30, 24, 9, 11, 13, 14, 10, 10, 13 HY125 1 (0.024) 4 (0.073) 11/15, 13, 29, 24, 11, 13, 13, 15, 12, 12 is within the samples, R ST ‫ס‬ 0.038, P Ͻ 0.01; see Table 6 ). This result is also significant when we separate the variation by locus (R ST ‫ס‬ 0.019,
For the mtDNA the AMOVA did not show differences between the populations (F ST ‫ס‬ 0.006, P Ͼ 0.05) or between the six regions (F ST ‫ס‬ 0.005, P Ͼ 0.304).
Genetic Distances. Analysis of genetic distances showed that the three populations are not statistically significantly distinguishable by either Y-chromosome STR data or mtDNA sequences (Table 7) , allowing us to infer a close relationship 
Discussion
The Y-chromosome STR results confirmed the assumption that the three populations are related because of shared history and migration (Melton et al. 2001) , more so between Mexico and the U.S. Southwest, which are geographic neighbors with a common history (the southwestern United States was part of Mexico until the mid 19th century). Frequent allele sharing is evidence of genetic relatedness (Bianchi et al. 1998) , so the comparison of these data with previous studies would allow us to answer how representative the present samples are to the natural populations they belong to. Two recent publications on Mexican mestizos show the same most frequent allele for six Y-chromosome STRs (RangelVillalobos et al. 2001a (RangelVillalobos et al. , 2001b in the mestizo sample and the current sample from Mexico. Previous studies for the admixed populations from Costa Rica and the U.S. Southwest with Y-chromosome STRs are insufficient to demonstrate the representativeness of the present sample from Costa Rica and the U.S. Southwest, so more extensive research on this issue should be done.
The genetic similarity of these three populations could be the result of shared inheritance from Europe (Spain and Portugal) during the colonial period and the slave trade from Africa. This possibility was evaluated by a simple comparison of allele frequencies from Spain and Portugal (Carracedo et al. 2001 ; (Gusmão et al. 2003; Jiménez-Arce 2000) . This information shows evidence of the admixing of these populations. Five of the 18 shared polymorphisms in the mtDNA between Costa Rica, the U.S. Southwest, and Mexico have frequencies higher than 54.2% and are also present in Amerindian and mestizo populations from Mexico and Costa Rica (Meléndez 2001; Santos et al. 1994; Green et al. 2000) . This may indicate part of the genetic admixed content of the studied populations and the similarity between their maternal lineages, also supported by their similar nucleotide diversity values. These data can be extrapolated to the U.S. Southwest Hispanic population because of shared history (Maza-Zavala 1992) .
The Costa Rica sample shows an overrepresentation of some haplotypes (HM4, HM7, and HM13), which could be evidence of a more homogeneous maternal lineage in the Costa Rican samples. Nonetheless, further studies are needed to answer whether this result can be generalized to the Costa Rican population or whether it is an effect of the selection of the sample for the presence of schizophrenia in a family member.
Shared haplotypes could be the result of relationship between populations because of migrations and/or shared backgrounds or parallel mutations (identity by state). The sharing of more Y-chromosome STR haplotypes between Mexico and the Hispanic population from the southwestern United States is explained by known migration behaviors of these populations favored by reduced geographic distances and shared political history through the mid 19th century (CEPAL 1999; Melton et al. 2001) . A possible explanation for the lack of shared haplotypes across all three populations is the reduction of particular Y chromosomes resulting from native population bottlenecks in the three populations. Another explanation is the distinctive waves of colonization that occurred during several periods throughout history, causing heterogeneity in different regions of the Americas. A third explanation could be the admixture among Amerindians, Europeans, and Africans within each population, increasing heterogeneity. Last, mutations make founding haplotypes differ in their descendents, thus increasing diversity.
When we analyzed shared haplotypes between the three studied Hispanic populations and samples of whites, Hispanics, and African Americans from the U.S. Southwest for the 12 Y-chromosome STRs, we found a relationship between the two groups of populations, suggesting that shared haplotypes are common in Latin American and Hispanic populations because of the documented historical admixture.
The shared haplotypes among the three study populations for mtDNA are relevant because they provides direct evidence of a shared ancestral relationship between these groups. This relationship was also observed when we analyzed nine more populations from Europe, Asia, the Americas, and Australia, in which many more haplotypes were shared between Latin American and Hispanic populations than between the Hispanic populations and the other non-Hispanic populations (data not shown). Again, this situation could be the result of migrations, parallel mutations, and ancestral female lineages, which can be tested by analyzing the presence and proportion of Amerindian haplogroups. In the Costa Rican population from the present study the proportion of Amerindian haplogroups is 84% (haplogroup A, 52.5%; haplogroup B, 27.5%; and haplogroup C, 4.1%), as was previously reported (Carvajal-Carmona et al. 2003) . For the Mexican samples 59% of the mitochondrial haplogroups correspond to Amerindian haplogroups (haplogroup A, 40%; haplogroup B, 25.5%; and haplogroup C, 1.8%), which is much less than what has been seen in previous reports (Green et al. 2000) . For the U.S. Southwest sample 67.2% of the sample corresponds to Amerindian lineages (haplogroup A, 33%; haplogroup B, 14.3%; and haplogroup C, 11.9%). In proportion these percentages agree with the genetic history of the Americas, in which haplogroup A is the most frequent among Amerindians. The current results, which show increased mtDNA contribution from Amerindians, show that directional mating, the asymmetric gene contribution of maternal or paternal lineages in cases of ethnic gene admixture, occurred in all three study populations. Specifically, the haplotypes shared by the three populations are part of haplogroup A in the case of HM4 and haplogroup B for HM10, assigned by polymorphisms in the HVSI region, which should be confirmed with polymorphisms in the coding region (Green et al. 2000) . These two haplogroups are represented in Mexican mestizos (Green et al. 2000) and Costa Rican Amerindians (Santos et al. 1994) in similar proportions to the present data, indicating a direct relationship between Costa Rica and Mexico through maternal Amerindian lineages.
Patrilocal behavior has been used to explain the reduction in mitochondrial differences between populations. This custom, in which the wife goes to live in the husband's location, causes a higher rate of migration in women than in men (Cavalli-Sforza 1998; Pérez-Lezaun et al. 1999 ) and the spread of maternal mitochondrial haplotypes. Recently, however, it has been shown that this rate is not so different from the rate for men (Wilder et al. 2004 ) and depends on the social and mating system of the human population under study (Hamilton et al. 2005) .
The mutation rate of mitochondrial DNA is high, especially in the control region. Mutations sometimes can either make haplotypes identical not due to ancestry, or, conversely, lead to differences between individuals with the same ancestral mtDNA (Relethford 2001) . This may influence the distribution of the haplotypes (Cavalli-Sforza 1998).
The three populations studied here descend predominantly from five mitochondrial native Amerindian haplogroups (A, B, C, D, and X; Bianchi et al. 1998) , which maintain their identity to the present day. In the Mexican mestizo population 59% (current study) to 90% (Green et al. 2000) of the mtDNA is of Amerindian ancestry, compared to 83% (Carvajal-Carmona et al. 2003 ) to 84% (current study) in the Costa Rican population. These values confirm the relationship of the populations through their maternal lineages. The Y chromosome reflects the predominantly European background of these populations. The most common allele for six Y-chromosome STRs was shared between these three populations and Spain and Portugal (Carracedo et al. 2001; Gusmão et al. 2003) . All three groups (Costa Rica, Mexico, and the U.S. Southwest) therefore show mtDNA inherited primarily from Amerindians and Y-chromosome DNA inherited primarily from Spanish and Portuguese ancestors.
Although AMOVA was significant for the Y-chromosome STRs in the three populations and six regions, the percentage of differentiation was low (4-4.5%). This significance was due primarily to the results of three markers (DYS392, DYS439, and DYS389II), in which the populations did not share the most common allele, the difference between the frequencies of the most representative allele was extreme, and the number of alleles present was different.
As expected from previous studies, the genetic distances based on Y-chromosome STR and mtDNA data show small differences. The geographic proximity, shared political history, and frequent migration could explain the similarity between these populations that is revealed by the gene frequencies (CavalliSforza 1998; Cavalli-Sforza and Feldman 2003; CEPAL 1999) .
In conclusion, in this study we describe in detail the genetic relationship between the Hispanic populations of Costa Rica, Mexico and the southwestern United States. As previously reported, the main contribution to the male lineage is of Spanish-Portuguese ancestry and the main contribution to the maternal lineage comes from a probable small effective group of Amerindian ancestors. A higher variation was found for the Y chromosome than for the mtDNA, suggesting female movements during the history that reduced the differences between the populations.
